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THERMOANATLYSTS OF ABLATION MATERTAIS
By George F. Sykes and James B. Nelson
NASA Langley Research Center
Langley Station, Hampton, Virginia

ABSTRACT

The performance of ablative thermal protection materials is generally evaluated in ground test facili-

ties.
during atmospheric reentry.

Results of these tests are then used in analytical studies to predict the behavior of the materials
The thermochemical properties of the ablation material, which are determined

by studies of the decomposition of the material, must be used in these analyses.

The results of some recent studies of the pyrolysis of a charring ablator are presented in this paper.
By employing thermoanalytical techniques, the thermochemical properties such as heat of pyrolysis, pyrolysis

temperatures, and kinetic parameters describing mass loss have been determined.

products have also been made.

Analysis of the pyrolysis

This information can now be used in analytical studies to predict more accu-
rately the performance of this material on reentry vehicles.

Although data will be presented for only one

particular material, the methods described are applicable to the analysis of any heat-shield material of

interest.

INTRODUCTION

The use of ablation materials for heat protec-
tion on entry vehlcles has been the subject of many
experimental and analytical studies. Experimental
studies, such as given in references 1 and 2, are
generally employed to determine the relative per-
formance of ablation materials in the simulated
entry environment of ground test facilities. These
studies have shown the specific effects of environ-
mental parameters upon the performance of selected
composite charring ablators. Anslytical studies,
for example, references 3 and 4, show the effects
of various material parameters upon thermal per-
formance properties. These studies have shown that
a quantitative determination of the thermochemical
properties such as heat of pyrolysis, pyrolysis
temperatures, kinetic parameters which describe
mass loss, and pyrolysis product composition are
necessary in order that the performance of the
charring ablator can be predicted more accurately.
These quantities are determined by studies of the
pyrolysis of the ablation material.

A limited quantity of thermochemical property
data on polymeric materials is available (refs. 5,
6, and 7). However, the majority of these data
are for polymers quite different from the multi-
component ablation material and are invariably
limited to the determlnation of a single facet of
polymer decomposition. Consequently, analytical
studies have been hampered by insufficient data on
the thermochemical properties associated with
pyrolysis. The specific purpose of this paper is
to present the results of an investigation of a
phenolic-nylon ablation material in which the
thermochemical properties are determined. The
desired thermochemical properties of the phenolic-
nylon material are determined by differential
thermal analysis (DTA), thermogravimetric analysis
(TGA), pyrolysis gas chromatography, and elemental
analysis.

SYMBOLS AND UNITS

The units used for the physical quantities
defined in this paper are given in the
International System of Units (SI). Reference 8
presents factors relating this system to other
frequently used systems.
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A frequency factor, s-1

E activation energy, J/mole

k specific rate, s-1

n psuedo-order of reaction

R gas constant, 8.314 joules/mole-°K
t time, s

T temperature, °C

T aT/dt, temperature rise rate, °C/s
m mass of material at temperature T, mg
my mass of residue or char, mg

o initial mass of material, mg

ANALYSIS AND PROCEDURE

When a charring ablation material is exposed to
the severe heat of the entry enviromment, the inci-
dent heat is initially absorbed and conducted into
the material. When the surface temperature exceeds
the pyrolysis temperature, a layer of carbonaceous
residue (char) begins to form as a result of thermal
decomposition. Figure 1 shows a cross section of an
ablation material which has been exposed to a simu-
lated entry enviromment. In this figure the char
resulting from thermal decomposition of the ablation
material, the pyrolysis zone and the unpyrolyzed
plastic are shown. The decomposition of the abla-
tion material results in the generation of a variety
of volatile products of high and low molecular
weight. These products move away from the decompo-
sition zone through the char layer and into the
boundary layer surrounding the ablation material.
While passing through the hot char, the pyrolysis
products experience thermal cracking to lower molec-
ular weight species resulting in appreciable heat
absorption. The injection of these pyrolysis pro-
ducts into the boundary layer lowers the enthalpy
potential and thus reduces the convective heat to
the surface. As the pyrolysis zone moves deeper
into the ablation material and the char layer con-
tinues to increase in thickness, the surface




temperature increases considerably, resulting in an
increase in radiation from the hot char surface.
Thus the heat accommodation is the combined result
of energy absorption as gases flow through the char
layer, convective blocking, heat absorption by
material pyrolysis, and heat capacity and insula-
tion (see fig. 1).
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Figure 1l.- Cross section of a charring ablation
material.

Material

The material investigated is a typical com-
posite charring ablation material composed by mass,
of 40% nylon 66, 25% phenolic binder, and 35%
phenolic Microballoons (low-density filler). The
characteristics of decomposition of this material
are determined by studies of the decomposition of
the individual compounds with several thermoana-
lytical techniques. The technigues, DTA, TGA,
pyrolysis gas chromatography, and elemental anal-
ysis provide data on a particular phase of the
decomposition processes. The characteristics of
decomposition of the individual compounds are then
used to aid in the interpretation of the decompo-
sition of the ablation material.

Pyrolysis

The techniques of DIA, TGA, and elemental
analysis were employed to investigate the charac-
teristics of the pyrolysis zone. Information on
the mass loss of the ablation material was obtained
using the technique of thermogravimetric analysis
(TGA). TIn TGA, mass changes are recorded as a
function of temperature as the temperature is
increased at a constant rate. From the results,
kinetic parameters are determined which describe
the mass loss during decomposition. The mass loss
of ablation materials (high molecular weight
organic polymers) normelly occurs through complex
mechanisms which are not sufficiently understood
to formulate exact analytical expressions from
which the kinetic parameters describing mass loss
could be determined. ZEmpirical homogeneous kinet-
ics normally suffice to describe the decomposition.
By assuming the decomposition mass loss reactions
to be irreversible, these reactions may be
described by a form of the pseudo-order classical
rate expression:

T = Kf(m/mo) (1)

where the specific rate k 1is expressed by the
Arrhenius relation;

K = Ae-E/R(T+275) (2)

The function f(m/mg) usually has the form

£(m/mg) = <’“———‘ mr)n (3)

o

equations (1), (2), and (3) may be combined to form

n
1 odm _ <m - mr> po-E/R(T4273) )
fio a g
The kinetic parameters: activation energy E; fre-
quency factor Aj; and order n; are determined from
this rate equation using the TGA mass loss data.
The actual techniques used to evaluate these param-
eters are demonstrated in detail in references 9,
10, and 11. The pyrolysis temperatures (which
indicate the width of the pyrolysis zone) and the
energy absorbed or evolved during pyrolysis are
determined by differential thermal analysis (DTA).
In DTA, the total heat content of the sample mate-
rial is continuously compared with that of an inert
reference material while both are heated at constant
temperature rise rate in the same environment.

Pyrolysis Products

The products of pyrolysis are determined by
pyrolysis gas chromatography. In order to deter-
mine these products, the sample is pyrolyzed in the
entrance port of the gas chromatograph. In the gas
chromatograph, the gaseous products are separated
by means of a liquid-coated solid support which
has been placed in a long column. The separating
processes actually consist of a multiple partition
between the liquid and gas phase. The identifica-
tion of the fractionated products is based upon the
time required for a given species to pass through
the packed column. Also alding in the analysis of
the pyrolysis of the ablation material is the tech-
nique of elemental analysis. The elemental compo-
sition of the ablation material is determined at
various pyrolysis temperatures and the elemental
composition compared with the gaseous products
identified by gas chromatography. Using this tech-
nique, the type of pyrolysis reaction can be
deduced. The elemental composition is determined
by burning the sample in 100% oxygen at 900° C.

The products of this combustion, water and carbon
dioxide for the carbon-hydrogen determination, are
caught in previously weighted absorption tubes.

The nitrogen determination was based upon pyrolysis
in a carbon-dioxide atmcsphere at 700° C. After
passing over zones of copper oxide and reduced
copper, the nitrogen is collected and measured over
a potassium hydroxide solution in an azotometer.

RESULTS
rolysis

Differential thermal analysis.- The DTA ther-
mograns of the three components which compose the
phenolic-nylon composite ablation material are
shown in figure 2. The results shown were obtained
by heating the material at 10° C/min in a helium
atmosphere to the temperature shown. The reactions
which occurred upon heating are shown as either
endothermal or exothermal with the endothermal




reactions extending downward from the base line

AT = 0 and the exothermal reactions extending
upward from the base line. At the top of figure 2
is shown the thermogram of nylon. The specimen was
observed to pass through two endothermic processes,
one with peak at 260% C and the second at approxi-
mately 417° ¢. The first endotherm is associated
with the melting of the crystalline portion of the
polymer (heat of fusion = 73.6 kJ/kg of original
material) while the second corresponds to decompo-
sition. The decompositlon, which occurs between
3500 and 500° C, absorbs 630 kJ/kg of original
material. The apparent exothermal portion of the
thermogram after 470° C results from the change in
total heat capacity accompanying decomposition.

NYLON

AT=0 DECOMPOSITION

EXOTHERMAL
AT =0
ENDOTHERMAL

AT =0

4

500
TEMPERATURE, °C

Figure 2.~ Differential thermal analysis thermo-
grams of nylon, phenolic, and phenolic
Microballoons.

The center thermogram of figure 2 is for phe-
nolic used as the binder in the composite phenolic-
nylon material. This material is formed from a
commercial novolac resin. The reactions observed
upon heating this polymer were found over the tem-
perature range between 150° and 850° C. The ther-
mogram shows an exothermal reaction at 265° C fol-
lowed by two overlapping endothermal decomposition
reactions at 450° and 625° C. The exothermsl
reaction evolves 68 kJ/kg and the pyrolysis reac-
tions between 350° and 850° C absorbed 293 kJ/kg.
The thermogram in the lower portion of figure 2
corresponds to the decomposition of phenolic

Microballoons. This material consists of small
hollow microspheres of phenolic, formed from a
resole-type resin. The decomposition thermogram of
this material is very similar to that of the binder
phenolic shown in the center of figure 2. The exo-
thermal reaction at 270° C evolves approximately
7 kJ/kg while the two overlapping endothermal
pyrolysis reactions between 350° C and 850° ¢
absord 377 kJ/kg.

Thermogravimetric analysis.- Figure 3 shows
the results of thermogravimetric analysis of the
three separate constituents. The residual mass
fraction is plotted as a function of temperature.
The TGA data are obtained by heating the materials
at 9° C/min in a reduced pressure of 65 N/m2
(0.5 torr). The TGA thermogram of nylon shows one
sharp mass loss between 350° and 500° C. Almost
all of the nylon mass is converted to gaseous prod-
ucts through this temperature range, with less than
10% remaining at 500° C. The TGA thermogram of
phenolic and phenolic Micrcoballoons, also shown in
figure 3, shows the mass loss of these materials to
continue through 850° C. The residue of both phe-
nolic materials was determined to be approximately
54% of their original mass.
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Figure 3.- Thermogravimetric analysis thermograms
of nylon, phenolic, and phenolic Microballoons.

The results of analysis of the three materials
used in the composite phenolic-nylon material are
summarized in table I. The nylon decomposition

TABLE I.- KINETIC PARAMETERS OF NYLON, PHENOLIC, AND PHENOLIC MICROBALLOONS

Reaction temperaturelActivation energy|Frequency factor .
Material Reaction(s) (peak temperature), E, A, Reactlgn order

oc kJ/mole sec-1
Nylon 1 417 2%2 8.3 x 1014 1.0
Phenolic 3 275 114 5.1 x 108 3.0

450 100 2.5 x 105 1.3

625 140 2.0 x 107 3.1
Phenolic Microballoons -3 270 70 2.0 x 103 2.0

435 122 9.7 x 106 2.0
L 630 172 1.3 x 1010 3.0




reaction, with peak maximum at 417° C, was deter-
mined to have an activation energy of 232 kJ/mole
and be of order one. The three reactions observed
in each phenolic were found to yield activation
energy values ranging from 70 kJ/mole to

172 kJ/mole and reaction order extending to 3.1.
The data shown in table I will be used to compute
the mass loss of the composite ablation material
and a comparison of this computed mass loss and the
experimental data will be made in the following
section.

Analysis of the composite material.- Figure 4
shows the decomposition reactions and mass loss
(DTA and TGA thermograms, respectively) for an
ablation material consisting of 40% nylon, 25% phe-
nolic, and 35% phenolic Microballoons, by mass.

The reactions involved in the decomposition of the
individual components, the melting peak and decom-
position endotherm of the nylon component, are
egsily observed superimposed on the decomposition
reactions of the two phenolic constituents.
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Figure 4.- DTA-TGA results of phenolic-nylon com-
posite ablation material.

The TGA thermogram of the composite material
shows the totel mass loss of the phenolic-nylon
ablation material to be 65%. This corresponds to
the total mass loss expected from the mass loss of
the individual constituents.

Elemental analysis.- The results of analysis
of the elemental composition of phenolic (binder
material) are shown in table II. The elemental
composition of the material is determined at vari-
ous temperatures and includes the composition of
the residue through the decomposition range. By
employing these data and the mass loss data from
TGA, it is possible to calculate the residual mass

TABLE II.- RESULTS OF ELEMENTAL ANALYSIS

Temperature, Percent by mass
ec Carbon | Hydrogen{ Nitrogen| Oxygen
Ambient 75.60 6.12 2.35 15.93
150 76.08 5.81 2.02 16.09
200 76.98 5.82 1.72 15.48
300 T7. 1% 5.60 .78 16.48
400 78.45 5.42 b2 15.71
450 79.40 5.36 h4o 14,84
500 81.53 4.89 13.58
550 84,00 4 47 11.31
600 88.00 3.59 8.41
650 90.81 2.85 6.35
750 92.31 1.54 6.15
850 92.65 .90 6.45

fraction data for each element. The results of
this calculation are shown in figure 5, where the
elemental residual mass fraction is plotted as a
function of pyrolysis temperature. The actual
change in composition of the polymer as a function
of pyrolysis temperature is shown in figure 6. The
unpyrolyzed material, as shown in table II, con-
tained 75.6% carbon, 6.12% hydrogen, 15.93% oxygen,
and 2.35% nitrogen. The high percentage of nitro-
gen was found to be a result of trapped species
from the curing agent, hexamethylenetetramine. The
loss of species (fig. 5) containing this element,
at low temperature and before decomposition occurred
again shows this entrapment within the solid cross-
linked polymer. The mass loss by decomposition,
shown between 350° and 850° C in the TGA thermogram
of figure 3, is again observed in the residual mass
fraction (data shown in fig. 5).
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Figure 5.- Elemental residual mass fraction for
decomposition of phenolic.
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Figure 6.- Elemental composition for residue and
char from decomposition of phenolic.

Pyrolysis Products

From the TGA data of figure 3, it was observed
that approximately 90% of the nylon and approxi-
mately 46% of the two phenolic materials were con-
verted to gaseous products. The quantitative iden-
tification of the various species evolved by decom-
position of phenolic was made by pyrolysis gas
chromatography. Table III shows the results of
analysis of the decomposition products of phenolic
(binder material). The various specles identified
are shown at the top of each column and the quan-
tity of each component found is shown at the base



TABLE ITI.- PRODUCT DISTRIBUTION FROM DECOMPOSITION OF PHENOLIC

Percent of total moles identified
Temperature,

oc COo co CeHg CqHg CgHs " OH ( CH3),CgHz* OH CHy, Ho0 Ho
100 1.h7

150 P

200 .48

250 ST

300 1.28

350 344

400 0.46 0.13 0.05 3.4

k50 0.21 .81 .25 .15 5.42 0.76
500 0.09 R 0.02 0.08 2.72 .5 .75 3.35 1.h7
550 .11 .87 .06 .13 1.62 .38 1.29 2,44 2.18
600 .32 1.30 .06 .05 .79 L1k 2.61 .bo 3.65
650 .51 1.19 .03 | .ok bl .10 2.35 .26 5.17
700 .26 T7 .0L .21 .05 1.32 .13 5.88
750 17 .54 .09 .83 6.64
800 L1l .26 Lo 7.35
850 .20 .20 5.88
900 .08 k.50
950 3.65
1000 2.94
Total 1.6 5.5 0.2 0.3 7.1 1.8 10.0 23.4 50.1

of each column. As shown in this teble, the larg-
est component found was hydrogen (50.1%) while

water and methane were found as 23.4% and 10.0% of 3.0
total moles, respectively. The product evolution
curves corresponding to the identified species are

shown in figures 7 and 8 where the percent of total 251
moles identified is plotted as a function of decom- PERCENT
position temperature. In figure T are shown the oF ToTAL 201
evolution curves of water, hydrogen, and methane MOLES
from pyrolysis of phenolic. Similar curves for IMN"Hmls—

phenol, xylenol, and carbon monoxide are shown in

figure 8. The distribution curves of the remaining
products of phenolic pyrolysis were not plotted. 1o
It should be noted that these data (table III) are
based upon only those products which were identi-

CARBON MONOX IDE

fied and do not reflect any lost species such as ’ 2.4 - XYLENOL—Z, Q
species with high boiling points which condense in ?r
the entrance part of the gas chromatograph and thus 0 1& iﬂ 3& 20 500 600 700 B0 Jn 1&»
are not detected. TEMPERATURE, °C
Figure 8.- Pyrolysis product analysis of phenolic.
o DISCUSSION OF RESULTS

Transpiration of gases through the char layer
is a major part of the heat accommodation character-
istics of a charring ablator, as indicated in ref-
erence 3. In order to determine the effects of this
mechanism upon the performance of a charring ablator,
it is desirable to determine the products generated
by pyrolysis. Complete data covering the analysis
of the products generated by pyrolysis of the
phenolic-nylon ablator are not available; however,
the products of one of the constituents of the
ablation material have been determined. Pyrolysis
product analysis of the phenolic (binder material)
of the composite material indicates that the major
component of decomposition is hydrogen (50% of total
0 100 200 300 40 500 €00 700 B0 900 1000 moles observed). Water, methane, and phenol are

TEMPERATURE, "C observed as 23.4%, 10%, and 7.1% of total moles,
respectively. These results appear to be in good
agreement with those given in reference 5, where the

7

6

PERCENT OF 5
TOTAL MOLES
IDENTIFIED 4

Figure T7.- Pyrolysis product analysis for phenolic.



decomposition product analysis of a phenolic
(formed from resole resin) is given. The distri-
bution of many of the identified pyrolysis products
over the temperature range investigated is given in
figures 7 and 8. By comparison of these distribu-
tion curves with the DTA and TGA thermograms of
figures 2 and 3, it is possible to assoclate spe-
cific products with observed reactions. Water, for
example, is observed to evolve at low temperatures
and through the temperature range of thermal decom-
position, as shown in figure 7. At low tempera-
tures this water evolution is associlated with the
exothermal reaction observed on the DTA thermogram
of figure 2. The exothermic nature of the thermo-
gram and the low temperatures involved imply a
curing reaction from which water is the principal
product. It is, therefore, postulated that a
curing reaction which results in the cleavage of
-0H groups is the source of this water. It is

also noted from figures 1 and 7, that the maximum
point in the evolution curve of water also approx-
imately marks the onset of production of many other
species which are attributed to thermal breakdown
of the material. Further comparison of the TGA-
DTA thermogrems with the pyrolysis gas evolution
curves shows that several specific products can be
associated with each of the decomposition reactions
of the material. The endothermal reaction between
375° and 500° C, with peak at approximately 450° ¢,
is easily correlated with a fragmentation mechanism
which results in depolymerization-type products
such as phenol and xylencl. The second of the
endothermic reactions located between approximately
500° and 800° C and with peak at 625° C is associ-
ated with a fragmentation mechanism which results
in oxidetive-type products such as carbon monoxlde
and carbon dioxide and other products such as
methane and hydrogen. This type of product implies
that a more complete breakdown of the polymer
structure is occurring. These results show that
char formation is a consequence of the endothermic
decomposition reaction centered at approximately
625° ¢ (DTA pesk). The results of elemental anal-
vsis, figure 5, also show the residue to have its
greatest increase in carbon content through this
temperature range (500° to 800° ¢) and correspond-
ingly its greatest loss of species containing
oxygen and hydrogen.

The overall decomposition of the composite
ablation material shown by DTA-TGA results in fig-
ure 4 covers a wide temperature range (200o C to
8500 C). This decomposition width is observed to
be a result of phenolic decomposition. Through
this range, the heat absorption by decomposition
was found to be 469 kJ/kg of original material;
however, the greatest area of heat absorption is
that between 350° C and 475° C, where nylon decom-
position occurs. The mass loss of the composite
material is also greatest through this narrow tem-
perature range. The pyrolysls zone of an ablation
material is defined in sblation material perform-
ance studies as that area of decomposition where
the rate of mass loss, heat absorption, and gas
evolution are at & maximum and the material passes
from an unpyrolyzed polymer composite to a carbo-
naceous char. The DTA-TGA thermograms of figure 4
show this area to correspond to the temperature
range between 350° and 475° C. The deccmposition
of phenolic thus has little, if any; effect upon
the choice of this reaction zone position since
the large mass loss and heat absorption are a
direct result of nylon decomposition. Since it is
often assumed that pyrolysis (decomposition of the

ablation material to a char) occurs in a plane or’
very narrov zone, it is advantageous to compare the
center of this reaction zone (from DTA) or maximum
rate of pyrolysis (from TGA) with the actual tem-
perature of char production. This comparison shows
that there is a 200° C temperature difference
between the center of these important mechanisms;
or, in terms of actual distance, reference 4 indi-
cates that this temperature difference could corre-
spond to as much as 3 millimeters in the ablation
material.

The kinetlc parameters which describe the mass
loss of decomposition can also be used to describe
certain physical characteristics of the reaction
zone of the ablation meterial as pointed out in ref-
erence 4. 1In this reference, it was shown that the
reaction zone thickness for a frequency factor (A)
of 1012 g-1 15 approximately one-half that for a
frequency factor of lO8 s-1. The results of TGA
data of the constituents of the phenolic-nylon
ablator have shown that the frequency factor (A) for
the endothermic decomposition of nylon is the order
of 1015 s-1 while the frequency factors associated
with phenolic decomposition were found to be as low
as 109 s~1l. Thus, the high-frequency factor
observed for the nylon decomposition reaction tends
to result in a decrease of the reaction zone width,
while the decomposition reactions of phenolic
(binder and low-density filler) tend to result in an
increase in this zone width.

Using the parameters which describe mass loss
(determined from TGA and given in table I) for the
individual constituents and assuming that in the
composite phenoclic nylon no interaction between com-
ponents occurs, it is possible to calculate a mass
loss curve for the composite material. This is
obtained by integrating the rate equation shown pre-
viously {eg. (4)) and solving for mass in terms of
the kinetic parameters and temperature. One equa-
tion is obtalned for each reaction and each is
weighted according to the relative percentage of the
component in the total. The weighted equations are
then added algebraically to yleld an equation which
describes the mass loss of the composite material.
The result of this computed mass loss is compared
with the experimental results in figure 9. It is
observed that the computed mass loss curve is dis-
placed to a higher temperature through the region
of maximum decomposition (350° C to 500° C). How-
ever, the shape of the two curves and the mass loss
involved in eaech reaction zone compare favorably.
These results, as well as the DTA-TGA results of
figure 4, indicate that the basic pyrolysis of this
material is composed of an overlaspping of the decom-
position reactions of the individual polymers which
compose the ablator.
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Figure 9.- Comparison of computed and experimental
TGA thermograms.




CONCLUDING REMARKS

The results of thermoanalysis studies of a
phenolic-nylon charring ablation material and the
individual constituents which comprise this abla-
tor, have provided a detailed examination of the
individual pyrolysis mechanisms from which much of
the reentry thermal protection provided by this
material is derived. From these studies, the
thermochemical properties necessary for theoretical
analysis of the performance of the material have
been determined. Specifically, the heat of pyrol-
ysis, pyrolysis temperatures, and kinetic param-
eters which describe mass loss for nylon, phenolic,
phenolic Microballoons, and the phenolic-nylon
ablator were determined. The quantitative identi-
fication of the pyrolysis products of one component
(phenolic) of the sblation material was given and
these results employed, with the aid of residue and
char analysis, to identify the type of reaction
occurring through decomposition.

In addition to these general results, the
following conclusions concerning the effects of
decomposition characteristics upon the charring
ablator were reached:

1. The pyrolysis zone of the phenolic-nylon
ablator is located between 350° C and %75° C and
in the range of nylon decomposition.

2. Eighty percent of the observed total mass
loss occurs through the pyrolysls zone defined by
the temperature range between 350° C and 475° C.

3. The pyrolysis zone position is independent
of the effects of phenolic decomposition.

4. The char production of the ablation mate-
rial occurs in a reaction at approximately 625° C
or nearly 200° C after the center of the pyrolysis
zone.
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